A semiautomated microdilution susceptibility test is described. The effect of certain parameters such as inoculum size, growth media, incubation conditions, and inoculum dispensing systems was studied. Both medium type and inoculum size caused significant variations in the minimum inhibitory concentrations (MIC) Antibiotic dilution techniques are the most reliable means to determine antimicrobial susceptibility in vitro. Serial dilution techniques were revolutionized when Takatsy (18) developed a spiral loop capable of adding, mixing, and removing a small quantity of reagent from a tube. This microtitration procedure was first used in serology and virology but has recently been applied to clinical bacteriology. Marymont and Wentz (15) developed a microtitration system for the determination of minimum inhibitory concentrations (MIC) of antibiotics and demonstrated 94% agreement between the tube dilution and microtitration methods. Harwick, Weiss, and Feckety (10) described a multiple loop holder which simplified the microdilution procedure and facilitated the detection of minimum bactericidal end points (MBC). Their comparisons between the micromethod and the macromethod were reported as being 92.5% in agreement for MIC and 85.5% agreement for MBC. Gavan and Butler (5) compared the reproducibility of an automated microdilution MIC method and the manual microtiter MIC method with eight antibiotics against Staphylococcus aureus and Escherichia coli. Absolute MIC values obtained by both methods were identical for 7 of 13 drugs tested. No deterioration of drugs could be detected when drugs were dispensed in multiwell trays and stored at -26 C for 2 weeks.
Antibiotic dilution techniques are the most reliable means to determine antimicrobial susceptibility in vitro. Serial dilution techniques were revolutionized when Takatsy (18) developed a spiral loop capable of adding, mixing, and removing a small quantity of reagent from a tube. This microtitration procedure was first used in serology and virology but has recently been applied to clinical bacteriology. Marymont and Wentz (15) developed a microtitration system for the determination of minimum inhibitory concentrations (MIC) of antibiotics and demonstrated 94% agreement between the tube dilution and microtitration methods. Harwick, Weiss, and Feckety (10) described a multiple loop holder which simplified the microdilution procedure and facilitated the detection of minimum bactericidal end points (MBC) . Their comparisons between the micromethod and the macromethod were reported as being 92.5% in agreement for MIC and 85.5% agreement for MBC. Gavan and Butler (5) compared the reproducibility of an automated microdilution MIC method and the manual microtiter MIC method with eight antibiotics against Staphylococcus aureus and Escherichia coli. Absolute MIC values obtained by both methods were identical for 7 of 13 drugs tested. No deterioration of drugs could be detected when drugs were dispensed in multiwell trays and stored at -26 C for 2 weeks.
Gavan and Butler (6), Gerlach (8) , and Tilton and Newberg (19) in a collaborative effort have described the detailed procedure and quality control of the microdilution antibiotic susceptibility test.
In this investigation the effects of the following parameters on MIC were evaluated: inoculum concentration, methods of inoculation, growth media, incubation time, and incubation temperature.
MATERIALS AND METHODS
Control organisms. The following organisms were designated as control cultures for their corresponding antibiotic(s): E. coli WHO-5 (ampicillin, cephalothin, chloramphenicol, colistin, and kanamycin); E. coli WHO-16 (tetracycline); E. coli 4883 
(gentamicin);
Pseudomonas aeruginosa HC-2 (kanamycin, gentamicin, carbenicillin, colistin); S. aureus WHO-4 (ampicillin, cephalothin, penicillin); S. aureus WHO-6 (chloramphenicol, erythromycin); S. aureus WHO-4 (clindamycin, tetracycline); S. aureus 2834 (methicillin). The organisms were maintained on Trypticase soy agar slants at 4 C and transferred biweekly. Broth cultures for testing were prepared from these stock slants.
Growth media. Mueller-Hinton broth (MH) (BBL), brain heart infusion broth (BHI) (BBL), Oxoid sensitivity test medium (OST) (Colab), and Trypticase soy broth (TS) (BBL) were freshly prepared prior to their use in an experiment.
Standard antibiotic solutions. Table 1 lists the  antibiotics tested and pertinent information on their   658 preparation. Stock solutions containing 256 gg of antibiotic per ml were prepared as previously described (6, 8, 19) and stored in sterile test tubes (13 by 100 mm) at -20 C until used. Carbenicillin was prepared at an initial concentration of 2,048 Ag/ml.
Preparation of trays containing diluted antibiotics. Preparation of the antibiotic-containing trays using a Canalco Autotiter II has been previously described (6, 8, 19) .
Quality control procedures. These procedures have previously been described in detail (8) .
Inoculum standardization. The bacterial inoculum was suspended in MH broth. Turbidity of the inoculum was measured by using a nephelometer (Hach Chemical Co.). Standard curves of colonyforming units (CFU) per ml, as a function of turbidity units, were constructed by diluting an overnight culture of S. aureus WHO-6 and E. coli WHO-5 from 1-2 to 1-16. The turbidity of each of these dilutions was determined nephelometrically for each organism and a triplicate standard plate count was performed on each dilution. This procedure was repeated four times and standard curves plotted.
Inoculation methods. Two methods of adding organisms to prepared trays were tested for accuracy and precision. (i) A multi-pronged wire inoculator (Canalco) was flame sterilized and dipped into a disposable styrofoam tray containing 100 ml of a test inoculum (10' CFU/ml, E. coli). 18 h. At hourly intervals a tray was removed and the MIC of the designated eight antibiotics for the gram-positive control organism and for the gram-negative control organisms were determined by assessing turbidity visually.
Effect of the growth medium on MIC. Four different nutrient media (TS broth, BHI broth, MH broth, and OST broth) were evaluated for their effect on MIC. Trays were prepared by using the broth to be tested. The inoculum (10w CFU per ml) was similarly diluted in the test broth.
Reading of the trays. The MIC for each antibiotic was read as the dilution corresponding to the last well in the twofold dilution series having no visibly detectable growth. Growth was defined as (i) confluent turbidity, (ii) light but definite turbidity, or (iii) single or multiple clusters of growth = >2 mm in diameter.
Statistical methods. Following a pattern initiated by Ericsson and Sherris (4), replicate MIC were expressed as the log, of the geometric mean (X) of the MIC + 9. The interconversion of dilution interval, MIC (jug/ml), log, MIC, and log, MIC + 9 can be seen in Table 2 . Calculations using the MIC expressed in this manner provide for better indications of reproducibility than would normally be indicated and the elimination of negative numbers from the calculations.
Tests of significance were performed by using the nonparametric Kruskal-Wallis one-way analysis of variance by ranks (17) . Due to the geometric nature of some of the data, it was necessary to use this test to determine if differences among samples signified genuine population differences or whether they represented chance variations such as are to be expected among several random samples from the same population. Figure 1 shows the relationship between the number of bacteria in a broth medium and the degree of light scattering measured in turbidity units. The slope of the lines for gram-positive (S. aureus WHO-6) and gram-negative bacteria (E. coli Who-5) differed slightly due to the light scattering properties of rods and cocci. Light scattering results on other members of the family Enterobacteriaceae and the genus Pseudomonas were similar to those for E. coli as were the results with streptococci similar to S.
aureus.
Both the wire pronged inoculator and the 50-,uliter disposable pipettes were evaluated for accuracy and precision. The inoculator theoretically delivered 0.001 ml per wire prong. Actual mean delivery was calculated to be 0.0004 ml per prong. By standard bacteriological techniques, the mean number of bacteria delivered to a broth-containing well was determined to be 989 CFU (S.D. 670 CFU, C.V. 66%). Tables 3, 4 , and 5 show the effect of inoculum concentration on the MIC of eight antibiotics for S. aureus, seven antibiotics for E. coli, and four antibiotics for P. aeruginosa. Only four drugs, clindamycin (S. aureus), methicillin (S. aureus), tetracycline (E. coli), and carbenicillin (P. aeruginosa), failed to show significant inoculum effects. As expected, a greater range of MIC as a function of inoculum size was observed in penicillinase producing aureus growing in the presence of the penicillinase-susceptible antibiotics such as ampicillin (7.6 to 11.14, p < 0.05) and penicillin (7.39 to 12.28, p < 0.001). Two other antibiotics showed highly significant inoculum effects with both E. coli and P. aeruginosa: gentamicin (p < 0.001 and colistin (p < 0.001). The other antibiotics tested showed no greater than a two-tube variation as a function of inoculum.
It has been recognized that the incubation of a bacterial inoculum in a multiwelled polystyrene tray is not functionally identical to the incubation of the same inoculum in a glass tube. When unsealed inoculated trays were stacked in an incubator, there was a measured 25 to 30% loss of volume in the individual wells, resulting in an increased concentration of the antibiotic. Unsealed trays incubated in a humidity-controlled incubator showed less dehydration (5 to 10% volume loss). Sealed trays showed no detectable fluid loss.
Experiments were performed to determine the minimum time required to generate a reliable MIC. Although after 8 ing the inoculated tray in a 35 C water bath. Although the tray in the water bath came to temperature faster than a plate in either a forced or static air incubator (10 min versus 31 min), all three incubators produced stable temperatures in the medium (i0.25 C) for the duration of the 24-h incubation. Inoculated trays showed identical MIC in the three incubation modes with no decrease in the time required to achieve a reliable MIC. Results in Tables 6, 7 , and 8 show the effect of various growth media on the MIC. Variations in media induced statistically significant differences in the mean MIC for E. coli (Table 7) by using ampicillin (p < 0.001), chloramphenicol (p < 0.001), kanamycin (p < 0.02), and tetracycline (p < 0.001); S. aureus (Table 6 ) by using ampicillin (p < 0.001), cephalothin (p < 0.02), chloramphenicol (p < 0.001), and erythromycin (p < 0.01); and for P. aeruginosa, by using gentamicin (p < 0.001), colistin (p < 0.001), and kanamycin (p < 0.001). However, in only three instances did the differences in mean MIC between any two media exceed 1.5 dilution intervals (chloramphenicol, E. coli WHO-5), (gentamicin and colistin, P. aeruginosa). the values were within the 1 dilution interval of the mean MIC for the antibiotic and organism used. Prior to testing the effects of inoculum concentration on MIC end points, the methods of delivery of inoculum were evaluated. The wirepronged inoculators lacked reproducibility (C.V. 66%) and accuracy (actual delivery was 50% of stated delivery). The plastic pipettes proved to be more reproducible and accurate (C.V. 1.66 to 7.46%) than the wire inoculator although more time consuming and tedious to use. Cooper et al. (3) found delivery errors of 7.6 to 14.4% (mean 3.5%) in similar nondisposable dropper pipettes based on an expected volume of 25 uliters. Gavan and Butler (5) reported that 50-,gliter nondisposable dropper pipettes delivered a mean of 47.4 + 3.6 pliters of broth to static-free wells. When the wells were staticcharged, drop size decreased to 39.0 Aliters. In the present study, the dropper pipette was held 2 cm above the plate surface to minimize static charges. The mean drop size of 46.0 gliters of MH broth compared favorably with the similar data of Gavan and Butler (5) .
DISCUSSION
In numerous studies, inoculum size has been shown to markedly affect disk diffusion susceptibility results. These methods suggested by Bauer et al. (1) Statistically significant differences were observed in the MIC end points as a function of inoculum concentration. When the inoculum was varied 10,000-fold, MIC differences of four to five dilution intervals for penicillin and ampicillin were noted with the gram-positive controls. This marked inoculum effect was not observed for the other antibiotics tested although statistical analysis revealed that in all cases, except methicillin and clindamycin, a significant difference existed. Although significant, these differences seen as a function of inoculum were small, one to two dilution intervals over the 10,000-fold range of inoculum size. Data on the gram-negative control organisms were similar. The MIC for tetracycline did not show significant variation as a function of inoculum, whereas ampicillin, cephalothin, chloramphenicol, kanamycin, gentamicin, and colistin did. The most marked inoculum effect was seen with gentamicin and colistin (3 to 4 dilution steps). This result is hard to explain as there was no evidence that members of the Enterobacteriaceae or P. aeruginosa produced extracellular gentamicin or colistin-inhibiting substances. E. coli WHO-5 and P. aeruginosa HC-2 were judged susceptible to gentamicin and colistin by both microdilution and disk diffusion methods. The arbitrary choice of inoculum size (105 to 106 CFU per ml) in broth dilution tests by Ericsson and Sherris (4) appears to be satisfactory for the microdilution method. In only two cases (S. aureus, ampicillin and penicillin) was there greater than one but less than two dilution intervals difference in MIC end points when inoculum was varied between 105 CFU per ml and 106 CFU per ml.
Most of the studies reported on the effect of the growth medium have concerned disk diffusion tests. Jay and Sherris (13) reported statistically significant differences in zone size for 10 different high-strength antibiotic disks when four different nutrient media were tested. Jay, Batjer, and Sherris (11) studied the growth supporting ability of MH broth and concluded that it was adequate as a sensitivity test medium. The same investigators compared different batches of MH broth from two manufacturers by both broth and agar dilution methods and results were essentially identical. Needham et al. (16) in a similar study observed the effects of MH and Grove and Randall (GR) media on MIC end points. Results with the two media were essentially comparable except that the GR broth gave a higher MIC for kanamycin against Enterobacter.
In the present investigation, the MIC of antibiotics tested against gram-negative organisms growing in TS broth were consistently higher than the other media. This effect of TS broth was not observed with S. aureus and probably reflects the reported effect of Mg2+ and Ca2+ on the antibiotic susceptibility of some gram-negative bacteria (9) . The most marked effect of growth media was observed when the MIC of gentamicin was determined by using P. aeruginosa as a test organism. Predictably, the organism was more than four times more susceptible to gentamicin when the test was performed in MH broth. Other studies (9) report that the MIC of gentamicin for P. aeruginosa increases as the concentration of Mg2+ and Ca2+ in the growth medium increases.
Growth media should have no more or less effect in the microdilution procedure than in the manual tube dilution procedure. However, in the interests of uniformity, one medium should be recommended as the one of choice. The benefits due to the wide availability of MH medium, its minimal lot to lot variation, and its accepted use for the disk diffusion test appear to override the disadvantages of a slightly reduced growth rate for the gram-positive cocci and the increased growth rate for Enterobacteriaceae (11) . However, in order to insure reproducible results, the concentration of Mg2+ and Ca2+ in the medium must be standardized.
Although variations in inoculum size, methods of dispensing it, and growth media have been shown to effect the microdilution end point, certain other variables such as machine function, antibiotics, and contamination must also be controlled.
In the microdilution susceptibility test currently conceived, the clinical laboratory is both the producer and the consumer of its own product, i.e., the prepared trays. The dilutors must be carefully handled, cleaned regularly, heated to redness, and quenched in sterile water prior to each use in order to insure dilutional accuracy. At regular intervals, trays containing a single antibiotic in all eight rows should be prepared and inoculated with a control organism. Gross machine malfunction resulting in a one-dilution interval or greater error may be spotted in this manner. Dropping needles must be calibrated prior to each use. Failure to clean the needles after preparation of trays may result in broth medium drying in the needles, with resultant loss of accuracy. The machine should be visually monitored during operation to insure that reagents are dispensed and mixed uniformly.
The greatest risk of error may be in the preparation of antibiotic solutions. Antibiotic assay powders should be stored in a dessicator at a maximum temperature of 4 C. An analytical balance must be used for weighing with quantitative technique used throughout. Failure to thoroughly dissolve the antibiotic in the solvent will lead to error.
Although contamination has not been a problem, the following elements of the procedure must be routinely checked for sterility: growth medium, inoculum dilutors, dispensing needles, dropping pipettes, antibiotic solutions, and autotrays.
The microdilution procedure offers a practical, cost and time feasible method for performance of broth dilution antibiotic susceptibility tests. Having defined some of the elements of variation in the microdilution test, a collaborative study should be convened to standardize both agar dilution and microdilution procedures. Such a study should result in (i) uniform methodology, (ii) availability of quality control cultures, and (iii) comparative MIC data from many laboratories indicating both inter-and intralaboratory variability.
